The problems of n-nucleon collision and nucleon-antinucleon annihilation are treated in this paper (1) using a phenomenological model in which we assume the existence of the repulsive core for nucleon-nucleon potential and the attractive core for nucleon-anti nucleon potential.
In the field theory, the problem of nucleon structure is the most interesting one of late years and many authors proposed various theories from various standpoints. For example, analyses based on the dispersion relation method were achieved by Chew 1 ) and Federbush et al. 2 ) on the electromagnetic structure. They were notable to explain simultaneously the value of the magnetic moment and the radii of the charge and momentum distributions. Recently, however, Frazer et al. 3 ) has suggested that the difficulty may be removed by introducing strong 7r-7r interaction proposed by Takeda   4 ) and Dyson.
)
On the other hand, Hiida and Nakanishi
6
) calculated also the Feynman diagrams which contribute to the electromagnetic structure of nucleon on the basis of perturbation theory. By th~ir enormous calculation, they showed that meson theory is not necessarily powerless for the inner domain of the nucleon structure.
It seems to us that to study the nucleon structure we must analyse not only the electromagnetic structure but also the phenomena which are closely connected with mesonic cloud such as high energy 7r-nucleon collision or antinucleon annihilation from some unifying standpoint. Therefore, it might be meaningful to use a more drastic phenomenological model for this analysis. . In this paper, we analyse these phenomena not from the direct application of meson theory to the inner part of the nucleon structure but using an entirely phenomenological method. Namely, we substitute a phenomenological potential instead of the effects of some rpeson lines in the Feynman diagrams.
In order to construct our model, we write up the phenomena which have close correlation with the nucleon structure and of which we have exact experimental data. Namely, a) The scattering lengths of S-wave in n-nucleon collision are +0.16p-l and -0.1/1-1 for iso-spin 1/2 and 3/2 states respectively;7) (/1= meson mass). b) In n-nucleon scattering, there exist the second and third maximums for iso-spin, 1/2 state and their resonance energies are 615 ± 40 Mev and 775± 40 Mev (c.m.s.) . 8) On the other hand, in r-n production process, there also exist the resonances at the same energies. 9 )
The second resonance is considered as DS/2 state, though there is left some possibility of it being P S / 2 state. Moreover, n-K production has also a sharp resonance near the threshold which corresponds to the third resonance of n-nucleon collision. 10J c) In nucleon antinucleon annihilation, the multiplicity of produced n is 4 .82 ± 0.14.11),12) It is difficult to explain this multiplicity by Fermi's statistical theory without using very large interaction volume; (R=2.5p-l). Moreover, the production of K-particles is very few compared with statistical theory. IS) d) With respect to the charge distribution of the nucleon, the r.m.s. charge radius of neutron is nearly zero, viz:
(1'2\8=( r2)t. 14) e) The iso-scalar part of anomalous magnetic moment of nucleon IS very small in the absolute value; (Ps= -0.06). It seems to us that there is some key point in experiment b) which predicts the coincidence of resonances of n-nucleon scattering, r-n production and 1'l-K production. This remarkable fact might be understood as that these processes are the various decay channels of some mediate state which has discrete eigenvalue energetically just as Bohr's compound nucleus model. Therefore, we should put an assumption for the substance of this mediate state. For example, we may consider this as the isobar state of nucleon which is based on strong coupling theory, just as Miyazawa and Fujimoto's model. But, in this paper, we regard this as the strong bound state of n + 1 nucleons and n antinucleons. In order to get such a strong bound state, there must be very strong attractive potential between two nucleons or between a nucleon and an antinucleon. As it is w~ll-known from experimental facts that the potential between two nucleons has the hard core about (3/1) -1 range, the potential between a nucleon and an antinucleon must have strong attractive core just as Fermi and Yang's model. 15) Thus, we reach the following fundamental assumption.
Assumption
The potential between a nucleon and an antinucleon is gIven by Therefore, our model may be regarded as a model of the nucleon core.
In Section 2, we will take PS (pv) coupling as n-nucleon interaction. But the results of our model do not sensitively depend on the coupling type. Moreover, we use the following method of calculation: i) We consider that the potentials are of the square-well. ii) We use non-relativistic approximation for the Hamiltonian of nucleon and antinuCleon. * iii) We neglect the pair creation by the potentials V, U.
By this method, we shall discuss the general feature of the S-wave n-nucleon scattering in Section 2 and we get some information about the core. In Section 3, we shall also aquire considerable information concerning these potentials from the analysis of these bound state. In Section 4, we show some application of our model. Section 5 is devoted to the determination of the radius and the depth of V T -U1' in which we use the width of the resonance of n-nucleon collision. At last, we treat the problems of nucleon-aritinucleon annihilation, using the "nucleoneum" which is the strong bound state between a nucleon and an antinucleon. § 2. S-wave scattering in 7r-nucleon collision
In the following, we denote a nucleon and an antinucleon by Nand N respectively, and write the core radius as 1'0; (ro= (3/1.) -1). Moreover, we name the virtual pair of Nand N the "pair".
In our model, the potential between the pair and N turns into the potential between nand N through the process n -) pair, (Fig. 1) .
(2 ·1)
In Fig. 1 , we denote N and the pair by 1 and 2 (N), 3 (N) respectively. Then the matrix elements of the S-wave scattering through these processes are given by * But we shall sometimes use the relativistic relation between the energy and the momentum on the way of the calculation. 
(for Fig. 1 (i», On the other hand, Fig. 2 shows the other diagrams which are effective to the S-wave scattering. The matrix elements are given by
But the calculation of these matrix elements is very difficult. Therefore, we shall discuss only the general feature of S-wave scattering in this paper.
First, we remark that the matrix elements (2·3) are larger than that of the ordinary PS (j:>v) theory. This is due to the expansion of the pair by the strong attractive potential V. To illustrate this, we regard the depth of V as 2M
(ii) 
If we takes the value (2·5), the scattering lengths which correspond to A and B are given by 0.02711-1 and -0.087/1-1 respectively. Clearly, these are very small compared with core radius ro. This strongly suggests that A (r) is very small and has not a core. Since we shall assume in the following paper that I and I'
are not small, this means also that VO + U O has not a core. Therefore, the cores of Vo and UO must cancel each other strongly, and the potential between N and the pair does not have a core. By the analysis of formula (2·6), we are able to acquire some information concernmg Vr + Ur. But the <-dependent part of the phase shift is derived also from the dispersion relation theory. So, we should discuss this problem more carefully.
~ 3. Resonances of 7r-N scattering
As we mentioned in the Introduction, the resonances of 7[-N scattering correspond to the bound states of n + 1 Nand n N. In this section, we shall analyse the structure of these bound states.
In our model, the two-body system of an N and an N composes strong S-wave bound states, as V has a very strong attractive core. We shall call these twobody bound states" nucleoneum ".*
We concluded in the previous section that the potential between the pair and N may be weak and not have a core. So, we assume that the potential between Nand nucleoneum or between nucleoneums is also comparatively weak. By this assumption, we may consider the above stated bound states as weakly bounded compound systems of one Nand nucleoneums and these bound states are all in S-state (though there may be another possibility of the existence of P-wave bound states). \Ve write the n-body bound states as in which j represents the total angular momentum. In this paper, we shall consider only the case n=3, 5. Then, taking the parity into consideration, the correspondence of the partial waves and the bound states are as follows,
But these bound states may not necessarily exist. Now, let us adapt our model to the experimental data. It is inferred that the angular momentum of the second resonance of 7[-N collision is 3/2 from the experiments. If we assume that this resonance is the P 3 / 2 state, there must be another resonance in the lower energy domain, because one of the 5 Sl/2 and 5 S5/2 must have a lower energy level than the level of 5S 3 / 2 as far as we take two-body square-well potential. This contradicts the data. Therefore, we must consider that the second resonance is D3/2 state and the data 9 ) of r-7[ production seem to support this viewpoint.
* There may be also the P-wave bound states, but their rest masses are generally fairly larger than that of S-wave bound states. Therefore, we shall neglect their effects in the following discussion. The third resonance must be F5/2 state, because the angular momentum is considered to be 5/2 at least in the experiments. The experimental data also show that the second resonance is almost forward scattering and the third resonance accompanies a large backward scattering on the contrary.S) This sharp change of the angular distribution strongly suggests that these two resonances have opposite parity to each other. Thus, our description seems to be quite reasonable.
Let us go into further details of the levels of the above assignment. The data show that the other resonances do not exist in the energy range up to 1.5 Bev.
This indicates that 38 1 / 2 , 5S 1 / 2 and 5S 3 / 2 are unfavorable bound states. So, if there are such bound states, their levels must be higher enough than 3S3/2 and 5S 5 / 2 levels or coincide with these. If there are no such coincidences, the energy difference between 3S3/2 and 3S 1 ,'2 levels must be 3p at least and the difference between 5S 5/2 and 5S 3 / 2 , 5S 1 / 2 levels must be 2p at least, as 1.5 Bev is equivaleht to 7.5p(c.m.s.).
Since the iso-spins of these resonances are 1/2, we must consider also that the levels with iso-spin 3/2 are higher than that of 1/2. It is well known that the former (;:-= 3/2) has a large diffused peak at about 7 p. Consequently, if there are .=3/2 bound states, it is natural to consider that these correspond to the diffused peak, viz. the energy difference between ;:-= 1/2 and 3/2 levels is 2.8p. for 3S3/2 and 1.7p for 5S5/2' These splittings of the levels are due to the .-and o--dependent terms of V and U. Therefore, we are able to aquire some information concerning these potentials by the analysis of these levels; (Appendix I). Of course, we are also able to estimate the rest masses of nucleoneums. In Appendix I, we shall show that these may be
In this case, the depth of V IS estimated as § 4. n'-production
In this section, we show an application of our model. We remark that our model is a kind of isobar model. Therefore, our model fits to the description proposed by Lindenbaum and Steinheimer16) in the reaction But in our model the first resonance is based on the theory of Chew and Low 17 ) contrary to their model, and the second and third resonances correspond to the true isobar states 3S3/2 and 5S5/2' So, the description is not the same.
In the case of 1.4 Bev incident 7r/ 8 ) the produced 7r has a diffused first peak in the momentum 0.1---0.3 Bev/c and a relatively clear second peak at 0.5,........,0.6 Bev/c. Lindenbaum explained these first and second peaks by the "decay 7r" of (3/2, 3/2) 11. Nakarrtura isobar state and the "extra 'TC" respectively. But we can also explain these data by our model. Namely, using 3S3/2 and 5S5/2 as the isobar states, the extra 'TC has the peaks at 0.30 Bev/c (for 38 3 These fit to the first and second peaks fairly well.
But this description is not applicable to the N-N scattering, because such a decay 'TC is not observed in the experiment of 2.75 Bev incident N 19 ) Thus, our model is powerful only in the high energy 7r-N scattering. § 5. Tensor force
Although we considered that the resonance D3/2 corresponds to 3S 3 / 2 in Section 3, there must be some spin-orbit coupling in order to change D3/2 wave into 3S3/2 state. We consider that this coupling is tensor-force.
Since the strength of the tensor force must closely correlate to the width of the resonance, we can presume the strength from the width. VVe denote the momentum and the energy of the incident 7r by k and (I) respectively and put
T=S12V1' +S13U1'.
Then the width .r is gIVen by r=4N,-2iIlB31:
In the first approximation, where ID 3 / 2 ) and I~) represent the initial state and where I~) represents the nucleoneum state which is substituted for incident 7r.
Since the probability In of the process In this formula, we are able to put
where r is the relative coordinate between Nand nucleoneum and 1 3
?) represents J, the nucleoneum state in which the r-spin is j. Then, we get
where j2 is the spherical Bessel function. In order to evaluate this formula, we tentatively put 
U'l'.
From the definition, I must satisfy inequality 1<1.
This Iitl gives a very close value to one pion exchange tensor force at r= r*.
Therefore, we may consider that our phenomenological tensor force is derived from meson theory, if the I is not very small. But we remark that our' tensor force is rather strong as compared with the conventional phenomenological tensor force which is used in the problems of N N collision and this suggests that the V'l' is not weak.
In the above calculation, we neglected the Pauli-principle with respect to the 1 and 3 particles. This means the omission of the diagrams which correspond to There are two problems in the annihilation process ofN and N VIZ., i) the range where the annihilation occurs, ii) the multiplicity of pions. In this section, we shall discuss these problems using our model.
(6·1)
In our model, there are nucleoneum formation processes in addition to the direct process (6 ·1), e.g. (Fig. 3) .
The strengths of these reactions are not weak in general. For example, with respect to the S-wave, the imaginary phase shift of the process (6·3) is given by Therefore, it seems that this is small in the case of the PS (p'U) theory; (f2 = 0.08).
But if we calculate the correction with respect to the virtual pair (Fig. 4) It is natural to consider that the branching ratio of such strong reactions depends on the ranges in which the reactions occur; Therefore, we shall discuss the ranges in the following.
The absorptive reactions (6·2), (6·3), "', are a kind of nonlocal interaction and the form factor is the wave function of nucleoneum.· The radi us of the wave function is about core radius To. Consequently, there is a black hole of radius ro in these processes just as in Ball and Chew's theory.20) On the other hand, it is well known in perturbation theory that the range of the process (6 ·1) is very small. Therefore, direct process (6 ·1) may be negligible.
In order to evaluate the ranges where the processes (6·2), (6·3) occur more (Appendix II).
The relatively small values are due to the short tail of the wave function of nucleoneum. This results show that the range in which the annihilation occurs extends, if the number of emitted nucleoneums inceases. This indicates that the emission of nucleoneums has strong tendency to multiple production. But the emission of three nucleoneums is energetically not allowable, because the rest mass of nucleoneum is larger than 5p; (Appendix I). Therefore, the most probable case may be of the two nucleoneums production, if it is allowable.
We now turn to the second problem ii). The nucleoneums which are produced through these processes immediately decay into pions. Therefore, the process (6 ·1) is divided into two successive processes. Namely, N + N --) nucleoneums + rr + ... , nucleoneums ~ rr + rr + .... In the first process, we considered energy conservation law. If the (1, 0) IS not free, the process (1, 0) 0n' is allowable.
On the contrary, the (9, 0) cannot decay into pions by these interactions but it is shown that this decays into 4n by the mediation of the virtual pair.
The mediate states are the various combinations of these nucleoneums and pIOns. But some of these mediate states should vanish in the case of two nucleoneums production by the effect of the interference of the two nucleoneums in the rearrangement of 2N and 2Ft We show the allowable mediate states which are produced through processes (6·2), (6·3) and the number of the pions in the final state in Table I (l = even) and Table IT (l = odd), where I represents the orbital angular momentum of the incident N.
As we mentioned above, the most probable case is the two nucleoneums production, if it is energetically allowable. Therefore, the multiplicity of pions correlates sharply to the rest masses of nucleoneums.
If we neglect the many-body force, we can roughly estimate the masses. But we are not able to use such a rough value in this problem. Fortunately, they are correlated also to the electromagnetic structure of the nucleon, which we will discuss in the following paper. By this reason, we shall discuss the general feature of our model in this paper, using two special cases. Namely, i) The example which is shown in Appendix 1.
initial state 
No. of emitted pions 
where M (i, j) is the mass of (i, j). 
(l=l).
Of course, we neglect process (6·2), if process (6·3) ·1S simultaneously allowable.
On the other hand, it becomes
In the second case.
(l=0) ,

(l=l),
H. 1" akamura
We show the experimental data in Table III . If we consider that the annihilation at rest occurs from S·state and the annihilation in flight occurs from P-state mainly, the increase of the multiplicity in flight may be naturally explained in both cases. But the value in the first case (l = 0) seems to be slightly small. This is due to the prohibition of the processes
III the T = (J" = 1 initial state. Therefore, at least one of them may be allowable.
In this calculation, we neglected the processes (Fig. 5) .
The first process increases the multiplicity fairly in the case i), because the T = 0, (J" = 1, l = 0 initial state decays into 5n in this process. Of course, the multiplicity of the second and third processes is very large.
Thus, it is not difficult to explain the experimental data with our model.
At last, we discuss the emission of K-meson. As the rest mass of the emitted nucleoneum is 5"",7/1, the process
is energetically hardly allowable. Therefore, the production of K-meson should be considerably checked and this does not contradict the experiments. § 7. Discussion
Our main purpose in this paper (I) was to establish a clear explanation for the second and third resonances in 7r~nucleon collision.
Indeed, there is not yet any positive theory with respect to these resonances. The most important character of our model in this problem is the point that the second resonance may be D Sj2 state. Therefore, it may be a support to our model, if it is clearly proved by experiment. Moreover, in our model, the third resonance must be F5/2 state and we showed in Section 3 that this'is rather favorable to the explanation of the angular distribution.
With respect to the ?r-production in high energy IT-nucleon collisions, we took just the opposite description to Lindenbaum's one. 16 ) For nucleon-nucleon collisions, Lindenbaum's model is more powerful than our model. But their model involves some questions, because (i,~) resonance does not correspond to isobar state according to Chew and Low's theory.
We divided nucleon-antinucleon annihilation process into two successive processes, i) production of nucleoneums, ii) decay of nucleoneums, because the radius of the range where the process i) occurs is core radius 1'0 at least and may be larger than that of direct production of pions.
We have pointed out that the reaction
is very strong in the case of PS (ps) coupling in virtue of the large coupling constant and this may be strong even in the case of PS (pv) coupling too. Moreover, we have shown that the range of this process is more extensive than that of one nucleoneum production process. By this reason, we have concluded that this is the main process, if it is energetically allowable.
It is remarkable that the ranges in which these processes occur correspond to the black hole in Ball and Chew's description. 20) On the other hand, the second process ii) is quite different from Fermi's statistical model,21) Takeda-Koba's modeP2) and the models based on strong ?r-?r interaction. 23 ),24),25) In these theories, the pions were produced directly but in our model the emitted pions are mainly the secondaries of nucleoneums. By this reason, the multiplicity of pions correlates. strongly to the decay modes of nucleoneum and the number of the produced nucleoneums.
We have shown that the results depend on the rest masses of the nucleoneums using two special cases. Nevertheless, the results have given rather good agreement with experimental data.
It is our point to give the mechanism of Ball and Chew's description and also to give the reason of large multiplicity of pions.
It is also a remarkable fact that the depths of our potentials may be smaller than Ip except the cores of VO and UO (Appendix I), because this indicates that our potentials are of the same order with the one derived from meson theory. But we concluded in Section 5 that the tensor force between a nucleon and an anti nucleon is not weak. This fact will be used in the following paper.
Our, model resembles Sakata's model in various points. 26 ) But the idea IS quite different.
Namely, their main purpose is to simplify the concept of strangeness and iso-spin by a composite model. But our purpose IS to unify the. various features of n-nucleon interaction and nucleon structure, and n, K, etc., are still elementary particles. But we hope there may be some connection with each other in future development.
Appendix I
Our main purpose in this Appendix is to estimate the rest mass of nucleoneum from the resonances in n-nucleon collision.
For simplicity, we neglect the many-body force, the tensor force and VT<T, UT<T terms in this calculation. Therefore, the resul ts in this Appendix are not general at all.
As we mentioned in Section 3, we must note the following points. As n1N and niV' are confined in the interior of the potentials, the spin dependent potential energy is given by
where U(N) and u(jj) represent the spin matrices of Nand ]\.T. E S and ' 1/ are the depths of V<T and U<T respectively. So, the eigenvalue is gived by
where J, Ib 12 represent the spin of total system, N-system, and lV-system. In the case of J = 1/2 and 3/2, there are three energy levels with respect to the spin states,
Considering the condition i), e must be negative, and
6Es<-3p. (i.s<O).
If there IS not 38 1 / 2 state, we should use the condition By the same calculation, we get from condition ii)
where e and r;T are the depths of VT and UT. 
As to the condition iii), we regard the system as the compound system of one N and n-nucleon~ums as we mentioned in Section 3. Considering that the spin is the highest and r= 1/2 in this case, we get the total potential energy nv+n 2 (d+r;S) +n(n+1)C's-3ne -3nAT (AT> 0),
where v, u are the depths of VO and UO.
On the other hand, the potential energy where the Nand nucleoneums are separated from each other is given by nv+nc s -3ne (e> 0),
Since the potential energy between Nand nucleoneums is the difference between (4) and (5), the negative e contributes as repulsive force. So, we assume e IS positive in the following. Then the effective potential energy becomes
and this must be larger than nK (r'), where K (r') is the necessary energy per one nucleon~um to compose the bound state which relates mainly to the range r' of the potentials V.,., UIT, Vr, UT and VO + UO.
Considering that the second resonance corresponds to the n = 1 case and the energy level is 4.35p, we are able to estimate the mass of nucleoneum M(i, j) , where i and j represent the 7:-and o--spin respectively, namely, 
M(O,
Since the third resonance corresponds to the n = 2 case and the energy level IS 5.5/1., we must put (8) III formula (6). The -'1 8 obtained from this formula is 1/1. at most, for the d is small as we mentioned in Section 2.
As we considered cr is" positive, formula (7) This result depends on K, but M (i, j) must be larger than 4.35p.., because the mass of free nucleoneum must be larger than the mass of bounded one.
In this Appendix, we take tentative value r'=2ro as we suggested in Section 3 and put Of course, this value does not contradict condition iii). Then we get Of course, these results are no more than one example that satisfies conditions 1), 2), 3).
M(i,
j
Appendix II
In this Appendix, we shall estimate the range of the process shown In Fig. 3 as an example .. For simplicity, we assume <pi is S-wave. Then cpo must be P-wave. We write the momentum of cpo as k. In this calculation we assume k is small and put Then, we get M = C n ~ cp (I t-rl) 9 (r)f(r) G(t) t· r/2r 2 
dr dt.
Since t is the distance between N and iV, the function of t, (' J cp ( r) cp ( 1 t -r 1 ) f ( r) t . r /2 r 2 dr , gIves the strength of the reaction at the distance. As this function is always positive, we may consider that the mean square distance (t 2 ) by this function gives the range of the reaction.
By the substitution 
